Current thermochromic windows modulate solar transmission primarily within the visible range, resulting in reduced space-conditioning energy use but also reduced daylight, thereby increasing lighting energy use compared to conventional static, near-infrared selective, low-emittance windows. To better understand the energy savings potential of improved thermochromic devices, a hypothetical near-infrared switching thermochromic glazing was defined based on guidelines provided by the material science community. EnergyPlus simulations were conducted on a prototypical large office building and a detailed analysis was performed showing the progression from switching characteristics to net window heat flow and perimeter zone loads and then to perimeter zone heating, ventilation, and air-conditioning (HVAC) and lighting energy use for a mixed hot/cold climate and a hot, humid climate in the US. When a relatively high daylight transmission is maintained when switched (Tsol = 0.10-0.50, Tvis = 0.30-0.60) and if coupled with a low-e inboard glazing layer (e = 0.04), the hypothetical thermochromic window with a low critical switching temperature range (14-20°C) achieved reductions in total site annual energy use of 14.0-21.1 kWh/m 2 -floor-yr or 12-14% 2 for moderate-to large-area windows (WWR≥0.30) in Chicago and 9.8-18.6 kWh/m 2 -floor-yr or 10-17% 3 for WWR≥0.45 in Houston compared to an unshaded spectrally-selective, low-e window (window E1) in south-, east-, and west-facing perimeter zones. If this hypothetical thermochromic window can be offered at costs that are competitive to conventional low-e windows and meet aesthetic requirements defined by the building industry and end users, then the technology is likely to be a viable energy-efficiency option for internal load dominated commercial buildings.
Introduction
Thermochromic (TC) windows consist of a thin polymer film or inorganic coating on glass that passively switches in response to variable thermal conditions. The thermochromic is typically applied to the outer glass layer of an insulating glass unit and when it reaches a certain critical temperature (or range of temperatures) due to high incident solar radiation and/or high outdoor temperatures, the thermochromic 2 changes or switches from a clear to a tinted transparent state, reducing the solar and visible transmittance of the window. The process of switching from the clear to tinted state is reversible and for some thermochromic materials, hysteresis can be observed (i.e., switching from tinted to clear occurs at a lower temperature than switching from clear to tinted) [1] [2] [3] . As a passive system, thermochromic performance is highly dependent on the interaction between the material and the climatic conditions to which it is subjected. The current understanding is that if the material properties of the thermochromic can be properly tuned, then the technology has the potential to significantly improve building energy efficiency.
A wide variety of materials have been found to have thermochromic properties, including polymers, organic and inorganic compounds [4] . Most of them offer good modulation of the visible transmission. However, they generally do not offer proper switching in the near-infrared (IR) portion of the solar spectrum. Several transition metal oxides and related compounds such as a Fe 3 O 4 , FeSi 2 , NbO 2 , NiS, Ti 2 O 3 , Ti 4 O 7 , Ti 5 O 9 , V 2 O 3 , and VO 2 offer interesting thermochromic properties. Among them, vanadium dioxide (VO 2 ) is the only metal oxide that exhibits a sharp thermochromic transition close to room temperature (68°C). The switching takes place due to a semiconductor to metal (MIT) transition that is accompanied by a first order structural phase transition from monoclinic to rutile. As a consequence, a drop in the resistance of around four orders of magnitude is observed [5] , along with a remarkable decrease of the IR transmittance [6] . The origin of the MIT transition still remains controversial. It is unclear whether the insulating behavior in the low temperature phase is due to a Peierls distortion inducing the insulator energy gap, or to a Mott transition due to electron localization and increase in electron-electron repulsion [7] [8] [9] . Typical values for the modulation of solar transmission (Tsol) are not usually larger than 0.1 for VO 2 thin films, while visible transmittances (Tvis) do not exceed 0.4 [10] .
The material science community has defined performance objectives to guide development of the next generation of thermochromic materials, namely: a) lower the critical temperature at which the TC material switches to the tinted state from 68°C to 25°C for VO 2 -based materials, b) broaden the modulation of solar transmission (Tsol), and c) achieve a high visible transmittance (Tvis) in the unswitched state [10] . Several solutions have been proposed to overcome these difficulties. The critical temperature can be widely tuned by doping VO 2 with different transition metals [10] [11] [12] , giving rise to significant changes in the electronic structure and thus the thermochromic transition. For example, VO 2 doping with W leads to a drop of the transition temperature at a rate between 5 and 24 K/at.%W, depending on the deposition conditions [10, 13] . Tvis can be enhanced by the addition of W, but the effect is not large [14] . Li et al. [15, 16] proposed the use of VO 2 nanoparticles embedded in a dielectric host to increase ΔTsol. When in their metallic phase, the VO 2 nanoparticles undergo localized surface plasmon resonance (LSPR), leading to an increased absorption in the visible and near-IR ranges. Values of ΔTsol around 0.167 and Tvis as high as 0.72 and 0.62 in the semiconducting and metallic states respectively can be achieved. Furthermore, the use of core-shell nanostructures, where VO 2 comprises the shell, will allow reaching ΔTsol values in excess of 0.20 at the expense of a lower Tvis around 0.59 in the semiconducting state [15] . Also, tuning of the transition temperature and Tvis can be easily achieved by doping VO 2 with different transition metals. Due to its particular electronic structure, VO 2 exhibits a 2p-3d interband transition around the visible range, leading to strong optical absorption and thus low Tvis values. Doping with Mg has been shown to broaden the bandgap of VO 2 leading to an increase Tvis to around 0.5 [17] .
Following on the work of previous studies that have used building energy simulations to assess the potential energy efficiency benefits of thermochromic windows within simple room models [18] [19] , this study quantifies the benefits associated with thermochromic windows that meet the above stated performance objectives in order to provide developers with a deeper understanding of the level of impact associated with advancements in material science. The relationships between window heat gain, perimeter zone loads, and heating, cooling, and lighting energy use are complex and non-trivial. Performance is dependent on climate, building type (as defined by construction and internal load profile), window orientation, window size, and the efficiencies of the space conditioning and lighting equipment.
A hypothetical, near-infrared selective thermochromic window is modeled (Tsol=0.50-0.10, Tvis=0.6-0.3) with different ranges of switching temperature. While the properties of these emerging thermochromic coatings have shown great improvement in the last few years, we note that significant research needs to be carried out in order to achieve these optimum thermochromic characteristics. Design of coatings consisting of nanostructured dielectric materials and doped VO 2 will help to optimize the thermochromic properties of these systems.
The EnergyPlus building energy simulation tool is used to determine the incremental differences in energy performance for perimeter zones in a typical large commercial office building. Performance is evaluated for a mixed cold/hot northern climate and a hot, humid southern climate in order to identify regions in the United States where thermochromic windows are most likely to provide significant energy savings compared to static, near-infrared selective, low-emittance windows which are currently the leading-edge, commercially-available technology of today.
Methods

Properties of the thermochromic windows 2.1.1. Transmittance in visible and solar spectrum of the thermochromic glazing layer
In order to regulate solar transmission without negatively reducing daylight, thermochromic switching from the clear to tinted state should occur primarily in the near-infrared (NIR) spectrum (780-2500 nm). Since about half of the solar energy is emitted in the visible spectrum (380-780 nm), there is a physical limit to the ratio of visible to solar transmittance over the full solar spectrum (300-2500 nm). The best spectrallyselective glazings have a maximum luminous efficacy, Ke, or ratio of visible transmittance (Tvis) to solar heat gain coefficient (SHGC) of about 2.5.
For this study, we defined a hypothetical spectral distribution for the TC glazing layer where the transmittance of shorter wavelengths in the visible spectrum is maintained at a high level when the glazing is fully tinted while wavelengths in the near-infrared spectrum were cut down to a transmittance of 0.05 in the fully tinted state in order to minimize the overall solar transmittance. This hypothetical value of nearinfrared transmittance represents a target value when integrating the spectral transmittance of a real material over the NIR spectrum. The spectral distribution was optimized for luminous efficacy based on the CIE Standard Illuminant D65 [20] and the CIE 1931 standard observer [21] (Y component) for visible transmittance, and on global radiation data from ISO 9845 [22] for solar transmittance. A value of Tvis = 0.30 and Tsol = 0.10 for the TC glazing layer in the fully tinted state leads to a luminous efficacy of Ke = 2.25 for the TC glazing system ( Table 1) . Color neutrality and appearance were not part of the optimization. Two intermediate states were defined by interpolation between the clear and tinted states; the spectral distributions for all four states are given in Figure 1 . Fig. 1 . Spectral data for the four different states of a hypothetical, ideal, near-infrared switching thermochromic glazing modeled in this study. These data were used to derive spectrally averaged data used in the building energy simulations ( Table 1 and 2). The critical switching temperature was defined with a 6°K range. Broader switching temperature ranges produced less energy savings. Thermochromics with a narrow switching range of 1-2°K can produce an uneven appearance (i.e., a mix of clear and tinted regions across the same window pane when at the critical switching temperature) due to temperature differences from the edge of the insulating glazing unit (IGU) to the center of glass and are less desirable from the architectural aesthetic perspective.
To evaluate sensitivity of performance to the critical switching temperature, the thermochromic glazing layer was defined with four possible ranges for the critical switching temperature. Switching temperature ranges varied 14-20°C for the lowest to 32-38°C for the highest. Lower switching temperatures could be beneficial but might be less acceptable to the occupants since the glazing would be in the tinted state for a significant fraction of the year, including the winter season when daylight is usually appreciated. The balance between heating, ventilation, and air-conditioning (HVAC) and lighting energy use are examined in Section 6. Table 2 summarizes the switching ranges of the four types of TC glazing layers.
Table 2
Center-of-glass transmittance and critical switching temperature (°C) for the thermochromic glazing layers. 
Description of the thermochromic windows
Each of the four types of TC glazing layers was combined with a second glazing layer to form an insulating glass unit (IGU). Four thermochromic windows were modeled, each with the same solar-optical switching range but different ranges for the critical switching temperature.
To minimize the inward flowing fraction of absorbed radiation to the indoors, the TC glazing layer was placed as the outside lite (TC film or coating on surface #2) and a clear glazing layer with a low-emissivity coating (e = 0.04) on surface #3 was placed on the indoor side of the room to reduce heat transfer through long-wave radiation. The 24-mm thick insulating glass unit was specified with an argon gas fill. The window was modeled with a thermally-broken aluminum frame (conductance = 34.7 W/m 2 -°K). Center-ofglass, solar-optical and thermal properties of the glazing layers and IGU were calculated using Window 6 [23] and are given in Table 1. 6
Properties of the reference windows
Three windows were defined for reference and to benchmark performance against other advanced commercially available window technologies. For reference, a static dual-pane window was defined ("No TC") with properties of the TC window in its clear state. A dual-pane, spectrally selective, low-e window (Window "E") was defined with an outboard layer of low-iron, low-e glass (e=0.018) and an inboard layer of clear glass (system thickness: 24 mm). A three-layer, highly-insulating window (Window "F") was defined with a suspended film (e = 0.71) between two low-iron, low-e (e=0.018) glazing layers (system thickness: 37 mm). All IGUs had argon gas fill. The frame was the same as that used for the thermochromic windows. The makeup of the windows is given in Windows E and F were modeled with and without an indoor, light gray (Rsol=0.75) fabric roller shade with an openness factor of 3% and Lambertian uniformly diffusing properties. The shade was operated according to three different control algorithms of which one represents a realistic scenario of a manually operated shade based on glare discomfort, the second represents an ideal automated shade based on glare discomfort and the third represents an automated shade based on glare and solar control. Solar optical properties for the unshaded E1 and F1 windows and shaded E2 and F2 windows are given in Table 4 . Note that the unshaded reference windows had high luminous efficacies. 
Description of the commercial office building prototype
EnergyPlus building energy simulations (version 7.0, [24] ) were used to evaluate the performance of the various window systems in a prototypical office building. Building prototypes are often abstract, synthetic buildings, not real buildings, that have been developed for the purpose of being representative of a population of buildings of a given type; e.g., office, hospital, etc. Data are collected on real buildings and these data are used to formulate a statistical representation of building construction, systems, and operations [25] . The US Department of Energy (DOE) has invested in the development of such prototypes over the past few decades and has made the prototypes publicly available for use by the building industry in order to standardize methods for evaluating technical measures and policies and to develop energy efficiency codes [26] . The models were developed for use with EnergyPlus and are described in detail in [27] and are available at [28].
The large office prototype was defined as a 12-story, 48 m high building with a rectangular floor plate that is 73 m (north-south) by 49 m (east-west) ( Figure 2 ). Perimeter zones were 4.57 m deep, with a 2.7 m ceiling height and a floor-to-floor height of 4 m. The perimeter zones were oriented in the four cardinal directions: due north, east, south, and west. The window-to-exterior-wall ratio was varied from 0 to 0.60 in order to quantify performance as a function of window area. Exterior walls were of mass wall construction. No exterior obstructions were modeled. Assumptions for the construction and operation of the building were compliant with the ASHRAE 90.1-2010 energy efficiency code [29] .
The office prototype was defined with significant internal loads. Occupant density was 18.6 m 2 floor area per person or 5.6 W/m 2 -floor. Occupancy was primarily between the hours of 9:00 to 17:00 on weekdays. Equipment loads were 13 W/m 2 . Lighting loads were 9 W/m 2 . When perimeter zones were modeled with daylighting controls, the ambient lighting was continuously dimmed from 20-100% light output with a corresponding power draw of 30-100% of full power. The lighting was dimmed to meet the setpoint illuminance level of 500 lux at a distance of 3 m from the window and 0.8 m above the floor. The building was conditioned using a variable air volume (VAV) system with an air-side economizer (drybulb temperature controlled for Chicago and enthalpy controlled for Houston 4 ). An air-side economizer uses cool outdoor air on cold, but sunny days to meet the cooling load. The main air handler units serve the different building levels (ground, mid-floors, and top floor) while the air terminal units control the air flow from the main air handler unit to the individual zones through dampers. In the original prototype model, the minimum air flow of the air terminal units was set to 30% of the maximum air flow. A few modifications were made in order to improve HVAC efficiency and make the system more responsive to changes in perimeter zone loads: the minimum air flow was reduced to 10% while the damper mode was set to reverse to guarantee sufficient air flow in the heating mode.
In order to determine cooling and heating energy use by window orientation, cooling energy use associated with the centralized HVAC system was disaggregated to the north, east, south, and west perimeter zones based on airflow of the air terminal unit to the individual zones. For heating, a decentralized system with 100% outdoor air was assumed and the disaggregation was based on reheat coil energy of the terminal units. The dead band for air temperature ranged from 21C (setpoint temperature for heating) to 24C (setpoint temperature for cooling) during occupied office hours.
To give the reader a sense of the relative magnitude of energy required by the various end uses for the whole building, Figures 3 and 4 show the breakdown of site and source energy for the large office prototype with the static reference window ("no TC") and a window-to-wall ratio of 30% (no shades, no daylighting controls). The source or primary energy includes the added energy needed for transmission and distribution of energy from the utility. For natural gas, the site-to-source conversion factor is 1.1. For electricity, the conversion factor assumed for this study is 3.3. For this building type, lighting and HVAC (cooling, heating, fans and pumps) energy use are the two largest energy end uses in commercial office buildings, both of which are influenced by window and daylighting systems. 
Fig. 4.
Source energy for the large office building prototype with reference window ("No TC") and window-to-wall-area ratio of 0.30. Electricity site-to-source conversion factor was 3.3. Natural gas site-tosource conversion factor was 1.1 (no daylighting control).
Thermochromic behavior under different environmental conditions
For each time step, EnergyPlus determines the temperature of the thermochromic glazing layer using the temperature and properties of the glass from the previous time step as the initial value then solving the glazing layer heat balance given inputs of incident solar and long-wave radiation from outdoor and indoor sources, outdoor and indoor air temperature, wind speed, and convective heat transfer. The new glazing temperature is then used to determine the solar optical properties of the thermochromic layer, where values for Tsol, Tvis, etc. are selected from the four input states with the closest corresponding temperature (i.e., solar-optical data are not interpolated). These properties are then used to determine window heat gains (or losses) for the time step. 
Interior Equipment
To characterize the switching behavior of the thermochromic under various weather conditions, we investigated a) which combination of outdoor environmental conditions caused the four different hypothetical thermochromic windows to switch to a partial or fully tinted state, b) what the corresponding temperature of the thermochromic glazing layer was when switched under different environmental conditions, and c) how window heat gain was affected by the different switching temperatures. This characterization enables one to understand how the inherent critical switching temperature of a prototype thermochromic material, which is typically measured under laboratory conditions in the early stages of development, is related to actual outdoor conditions to which the thermochromic glazing will be exposed.
Dry-bulb temperature and solar radiation
In a prior study [30] , characterization of a polymer thermochromic window was conducted in an outdoor full-scale field test, showing strong correlation of switching response to outdoor air temperature and incident solar radiation. Similarly, for this study's hypothetical thermochromic windows, hourly temperature and radiation output data from EnergyPlus were plotted for all hours of the year when the thermochromic glazing layer was in a partial or fully tinted state, assuming a constant indoor air temperature of 21°C ( Figure 5 ). (The temperature was kept constant throughout the year to eliminate the influence of the HVAC system and the indoor conditions.) Each datapoint represents a pair of outdoor temperature (y-axis) and incident vertical radiation (x-axis) when the temperature of the TC glazing layer was at or above the lower bound of the critical switching temperature range (e.g., TC temperature ≥14°C for window "TC 14-20"). Data for all four window orientations are given for the Chicago climate. Figure 5 shows the conditions when the TC window was partially tinted (blank squares) or fully tinted (black squares) out of a maximum number of possible annual hours for the four orientations (4 x 8760 = 35,040 hourly values maximum). For example, the window TC 14-20 was tinted 15227 hours of the year (43%), and fully tinted for 9953 hours of the year (28%). For the window TC 32-38, the window was tinted 907 hours of the year (2.6%) and fully tinted for 472 hours of the year (1.3%).
Note that for the TC window with the lowest critical switching temperature range (TC 14-20) most cases of tinting occurred when the outdoor air temperature was above the lower limit of the switching range (14°C) as to be expected. However, there were occurrences when the TC tinted with outdoor air temperatures well below the switching range because of high levels of incident solar radiation. These cases occurred on cold, sunny winter daysfor example, switching occurred between 0-5°C with incident solar radiation levels between 600-900 W/m 2 .
The TC window with the highest critical switching temperature range (TC 32-38) was tinted less frequently and at outdoor air temperatures that were predominantly below the lower limit of the switching range of 32°C. There were relatively few hours of the year when the outdoor air temperature exceeded 32°C so when incident solar radiation levels were sufficient to raise the glass temperature above ambient air temperature levels, the window tinted. 
Temperature of the thermochromic layer and window heat gain
The same data set was used to characterize how outdoor environmental conditions determined thermochromic glass temperature, T g , when partially or fully tinted. Associated window heat gains, Q window , were in contrast correlated to the fully tinted state only because of the significant scatter of window heat gain when the TC window is only partially tinted. Linear regressions were used to correlate the data.
Including wind speed in the correlation did not improve the fit. Regression coefficients and statistics for the fit are given in Tables 5 and 6 . Actual and predicted values are shown in Figure 6 and Figure 7 .
where, I v = outdoor incident vertical radiation (W/m 2 ) T o = outdoor dry-bulb air temperature (°C)
For the plots of TC temperature T g in Figure 6 , the y-intercept was set to the lower limit of the critical switching temperature range for each of the four types of TC windows. With incident solar radiation, all of the four TC windows reached glass temperatures of up to 55°C for this Chicago climate. The correlation for the window TC 32-38 was poorer (r 2 =0.52) than that for window TC 14-20 (r 2 =0.97) due to the scatter below the main linear cluster of datapoints defining TC temperature when fully tinted and the lower total number of data points.
Table 5
Coefficients and statistics for the multiple linear regression predicting temperature of the TC layer, T g (Eqn. 1). The window heat gain shown in Figure 7 is the heat balance of solar radiation, convective, conductive, and long-wave radiation heat transfer assuming a constant indoor air temperature. Heat gains or losses due to long-wave radiation between the indoor glass surface and room surfaces were also accounted for. Window heat gain is predominantly due to solar radiation and less to conduction which explains the low significance of outdoor temperature in the regression (with T O not being significant for TC [20] [21] [22] [23] [24] [25] [26] .
The slope of the dashed lines in Figure 7 that define the range of window heat gains for a partially or fully tinted TC window represent the minimum and maximum value of a nominal solar heat gain coefficient SHGC'. SHGC' can be obtained by dividing the value for window heat gain in W/m 2 (y-axis) by the incident radiation in W/m 2 (x-axis). For TC 14-20, the minimum value equals SHGC' = 0.11 (fully tinted state) and the maximum value equals SHGC' = 0.44 (clear state). These values increase slightly with increased switching temperature as the conductive window heat gains become a larger percentage of the total.
Note how the range of window heat gains are about the same between the four types of TC windows, but the distribution of hourly data differ amongst the types. For the TC window with the lowest critical switching temperature range (TC [14] [15] [16] [17] [18] [19] [20] , most hourly data are below 100 W/m 2 since the TC window switched to a fully tinted state at the least provocation. For the TC window with higher switching temperatures (TC 32-38, e.g.), full tinting occurred much less frequently so the associated window heat gains were more broadly scattered across the 0-350 W/m 2 range. Figure 8 shows that low switching temperatures such as TC 14-20 can reduce the window heat gain by half during the period from May to September which represents the main cooling period in Chicago. During the cold winter months when solar heat gain might be sometimes desired to offset heating requirements, and when cooling can be efficiently provided through outdoor air, the reduction of solar gain caused by thermochromic switching is less frequent. When comparing the TC 14-20 to an identical static window with the TC in its clear state ("no TC") in Figure 8 , the benefit of thermochromic switching at low switching temperatures becomes even more obvious, considering that a static window would require a lower SHGC than 0.44 to minimize cooling load in summer, thus providing less solar heat gains during the heating period. Figure 8 shows also how important a low switching temperature for peak load is; e.g., TC 26-32 can reduce window heat gain for a significant number of hours, but it does not reduce the peak load, and TC 32-38 has very little effect on the reduction of window heat gain in summer due to the small percentage of time that it is triggered to switch.
Lowering peak window heat gains during the cooling period can translate to lower capital and operating costs and greater operational efficiency if the HVAC capacity can be downsized and if peak electric demand can be curtailed during periods when the utility grid is stressed. As a benchmark for performance, low-energy cooling strategies (e.g., radiant cooling, natural ventilation) can be used if peak cooling loads within a 5-6 m deep perimeter zone are less than about 43 W/m 2 -floor. Assuming a moderate-area window (WWR=0.30), peak window heat gains would need to be below 112-206 W/m 2 -window to meet this target level. Figure 9 shows total annual window heat gains and losses per unit window area for west orientation and by climate assuming a fixed indoor temperature of 21C. (The temperature was kept constant throughout the year to eliminate the influence of the HVAC system and the indoor conditions.) The heat loss through the window is due mainly to conductive and convective effects in the absence of solar radiation and is therefore not significantly affected by the thermochromic layer. Total window heat losses are nearly constant for the reference window and four TC window types, as well as for the different orientations. Total window heat gains decrease with critical switching temperature range as the TC window switches to a tinted state more frequently.
Window heat gain/loss and zone heating/cooling load
Window heat gain/ loss
Window heat gain and heat loss can be either beneficial or detrimental to the perimeter zone heat balance and energy consumption of the zone. The ideal thermochromic window would limit solar heat gains when the perimeter zone was in a cooling mode and admit solar heat gains when the zone was in a heating mode.
The zone heating or cooling mode is determined by the zone net heat flow due to heat gains or losses through the building envelope and internal loads from occupants, lighting, and equipment, in this case assuming a fixed indoor air temperature. If the zone net heat flow is zero, then heating or cooling provided by the HVAC system is not required to maintain comfort conditions in the zone, only ventilation is needed to meet the fresh air requirements. This is the overall goal of passive architectural design: optimal control of envelope loads to achieve net-zero building energy performance.
Hourly window heat gains and losses were binned according to the zone heating or cooling mode. For example, if the hourly window heat gain occurred when the perimeter zone was in a heating mode, then the window heat gain was added to the annual total. These data are summarized in Table 7 for the west perimeter zone. Note that the sum of the window heat gains or losses in this table corresponds to the totals depicted in Figure 9 . (Additional results are given in Appendix A.) Note also how the different critical switching temperature ranges produce significant differences in the detrimental "window heat gains while cooling" compared to any of the other binned totals. Window heat losses again are not affected by the TC layer and so varied insignificantly across the four TC window types. Beneficial window heat gains while in the heating mode were largely offset by the detrimental heat gains while in the cooling mode. The TC system with the lowest switching temperature range produced the lowest net window heat gains given the internal load dominated profile of this west-facing perimeter zone in Chicago. Similar trends were observed for the other orientations and for the Houston climate and can be found in Appendix A. Note: G: window heat gain, L: window heat loss; H: heating; C: cooling; + heat gains or losses reduces energy use; -heat gains or losses increases energy use.
Impact on perimeter zone heating and cooling load
The zone net heat flow quantity defined in Section 4.1 is also designated as perimeter zone sensible heating and cooling energy in EnergyPlus. This quantity is shown in Figure 10 as the annual accumulated load per unit floor area for the 4.57-m-deep perimeter zone. The two different columns in Figure 10 are associated with two different assumptions regarding the heating and cooling setpoint:
The first stacked column for each window type (e.g., "No TC") is the heating and cooling load for a constant indoor temperature of 21C (comparable to Figure 9 ). The second stacked column is the heating and cooling load for a more realistic setpoint temperature schedule, where the setpoint had a deadband range of 21-24C and reduced levels for unoccupied weekday and weekend hours (base case for HVAC energy use in Section 5). The large reductions in window heat gains do not necessarily result in the same percentage decrease in annual load. For example, window heat gain reductions for the west-facing perimeter zone in Chicago were 70 kWh/m 2 -floor or 53% (TC 14-20 versus "No TC" in Figure 9 ) and produced a reduction of 73 kWh/m 2 -floor or 30% in total zone heating and cooling loads for a large-area window (WWR=0.60, Figure 10 , first stacked column for each window type).
The second stacked column for each window type in Figure 10 shows that the heating load becomes nearly insignificant when applying a realistic heating and cooling setpoint schedule while cooling load is reduced by 20-35% on average. Most of the HVAC energy use (see Section 5) is therefore needed to offset cooling loads. 
HVAC energy for perimeter zones
Heating and cooling energy use are also not necessarily proportional to the magnitude of the loads in the perimeter zones. Details of how the HVAC components are sized, how the system is operated, how outside air is handled for ventilation and to offset cooling requirements during the winter, for example, all contribute to the sensitivity of the HVAC system to the cooling and heating demands in the zone. For systems that are oversized or handle outdoor air ventilation requirements inefficiently, for example, significant differences in zone thermal loads may not result in significant differences in HVAC energy use.
As distributed low-energy cooling and heating strategies start to replace centralized systems, energy use (or occupant comfort, in the minimization of space conditioning) will become more sensitive to perimeter zone loads.
Annual site cooling electricity use and natural gas use intensity data for the west orientation are given as a function of window-to-wall ratio in Figures heating mode in EnergyPlus and so cannot be assigned to either end use. The minimum outdoor air (OAmin) requirement was set to 3.72 m 3 /(hr-m 2 -floor).
Results are intuitive for cooling ( Figure 11 ). Energy use increases as window area increases and the relative ranking of the thermochromic windows is the same as the ranking defined in the perimeter zone loads analysis in Section 4.2. The slope of the line is an indicator of how often the thermochromic window is switched to the tinted state. The lower critical switching temperature ranges result in the greatest number of hours with the TC window being in the tinted state, and therefore the least cooling load. The absolute improvement of the thermochromic performance that can be achieved through lowering the switching temperature decreases with lower switching temperature. Natural gas use increases as window area increases as well ( Figure 12 ). Natural gas use is also significantly greater than cooling energy use (per unit energy) in Chicago, although heating loads are only a small fraction of cooling loads in the perimeter zones ( Figure 10 ). To explain these trends, we need to give details of the sizing of the HVAC system. Peak loads determine the size of the VAV system, including the air handler units, ducts, fans, and reheat coils. Peak cooling is on average around three times greater than the peak load for heating in Chicago climate. In consequence, cooling demand determines the size of the VAV system. The greater cooling load leads to a greater maximum and minimum air flow which then requires a larger capacity reheat coil. The reheat coils in our model serve the purpose of raising the temperature of delivered air to an acceptable supply temperature in all three cases: 1) to offset heating load on cool days, 2) when cooling is required and supply air is too cold due to economizer mode (more outdoor air than OAmin is used), and 3) when the system is run at minimum air flow (OAmin + return air) because the room temperature is in the deadband between the heating setpoint (21C) and cooling setpoint (24C).
Therefore natural gas use for reheat/heating energy is greater on the south façade due to higher cooling loads than on the north façade which has greater heat losses but less demand for cooling. This also explains the relative ranking of TC windows even though the zone heating load is the same between the four TC window types ( Figure 10 ). The "No TC" window with the greatest solar transmission shows the greatest reheat/heating energy use and TC 14-20 uses about two-thirds of that energy for the large-area west-facing window, WWR=0.60. The combined annual site heating, cooling, and fan energy use data are given in Figure 13 for window TC 14-20 for south and west orientation and benchmarked against the two static low-e and highly-insulating windows with and without interior shades. In Chicago, the highly insulating window (F1, F2) performs best for all orientations with WWR > 0.30 because of the higher thermal resistance, which is beneficial during both the hot summer and cold winter seasons. On the south façade, the TC 14-20 window achieves comparable performance to F1 and F2 when the window area is small (WWR=0.15) but for larger-area windows, its performance is comparable to the spectrally-selective low-e window (E1, E2). On the west façade with the highest solar load, the thermochromic window is preferable over the low-e window, but is outperformed by the highly insulating window.
For the hot and humid climate in Houston, the TC14-20 window reduces annual HVAC energy use significantly, outperforming even the highly insulating window with interior shade (F2) on both the west and south façades.
Optimizing HVAC and lighting energy use with daylighting controls
(All results shown in this chapter are based on the HVAC system providing a room temperature between heating setpoint (21C) and cooling setpoint (24C) during occupied office hours throughout the year.)
Comparison between thermochromic windows with different critical switching temperature ranges
Daylight can significantly reduce the lighting related energy use intensity in the perimeter zone. Without daylighting controls, the annual site lighting energy use intensity in the perimeter zones irrespective of climate, window area, or window orientation was 59 kWh/m 2 -floor-yr. Reductions in lighting energy use due to varying occupancy and scheduling control strategies as required by ASHRAE 90.1-2010 are included in this value. This energy use can be further reduced by more than a third with daylight controls if the reference window ("No TC", Tvis=0.53) is used. These savings (average by area over the four main orientations with N/S:E/W = 4:3) are shown a for small and a big window-to-wall ratio as the most lefthand purple columns in Figure 14 . The four thermochromic window types switch at varying degrees of frequency, depending on the critical switching temperature range, and therefore reduce availability of daylight (Tvis = 0.53-0.27) compared to the "No TC" window. This negative impact on daylight use is shown in Figure 14 as red, negative columns.
Site HVAC energy is also influenced by reduced lighting energy: less artificial lighting in summer reduces the cooling load, but electric light covers part of the heating load as a significant portion of lighting energy is transformed into heat. The savings of HVAC energy compared to the "No TC" window are shown as green, positive columns. The net total annual energy savings is the sum of the green and red columns.
With small windows (WWR=0.15) the negative impact of thermochromic switching on lighting energy use is significant but the net annual energy saving is still positive for all TC windows in Chicago and Houston.
With moderate-to large-area windows, the window TC 14-20 delivers the maximum net energy savings due to both reduced HVAC loads and adequate levels of daylight. Note that in this analysis, site energy use is used, assuming a 1:1 weighting of natural gas and electricity and ignoring the difference in energy cost and added source energy needed to transport and distribute the energy to the building site. Discomfort glare was not assessed so the lighting energy savings reflect relative differences in daylight availability. 
Comparison of thermochromic windows with static near-IR selective, low-e windows
A similar comparison is made with the static, near-IR selective, low-e windows with and without interior shades. The reference case is now the TC 14-20 window with daylighting controls, with site HVAC and lighting energy use of windows E and F shown relative to this reference case. The gray columns show the site annual HVAC energy savings relative to the TC 14-20 window, where positive values indicate that the static window performs better than the thermochromic window. The dark purple columns show annual lighting energy savings compared to the TC 14-20 window, both cases with daylighting controls. The red or green columns show the net annual energy savings of the HVAC and lighting combined compared to the TC14-20 window with daylighting controls (red is less energy savings, green is more savings than TC [14] [15] [16] [17] [18] [19] [20] . The values are averaged over all orientations according to the building layout. See Appendix C for the detailed data. Houston, ori. avg., WWR 60 24 One potential benefit of thermochromic glazing in addition to solar control is a reduction of the number of hours during which glare discomfort occurs in the work space. Therefore the windows E and F were modeled, in addition to the case without any interior shade, with an interior shade to reduce glare based on annual glare calculations. Radiance simulations were used to determine the Discomfort Glare Probability (DGP) as hourly values for the nine viewpoints shown in Figure 15 . A DGP value greater than 0.38 for any of the viewpoints was considered to provide uncomfortable conditions which would lead to the interior shade being lowered. Table 8 shows the total number of hours (including weekends and holidays) with glare discomfort for an open office space with a transparent area of 60 % window-to-wall ratio. While very useful to eliminate glare conditions, interior shades are not as efficient for solar control compared to measures that block solar radiation before it enters the room. Despite its limited efficiency to reduce cooling loads, the use of the interior shade as additional solar control was considered as well. For simulation purposes an ideal control was assumed that lowered the shade when window heat gains were greater than 35 W/m 2 -floor-area during cooling conditions. 
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The following control algorithms were used for different scenarios of shade operation:
 "no shade": shade always up, no control  "manual glare control": At the occurrence of glare discomfort, the shade is lowered and remains lowered for the rest of the day until the next morning at 5 am. This is considered a realistic scenario.  "automated glare control": The shade is only lowered during hours with glare discomfort and raised again as soon as there is no more glare discomfort according to the defined glare condition (DGP > 0.38). This scenario corresponds to an ideal control.  "automated glare and solar control": In addition to the automated glare control the shade is also lowered when the window heat gain is greater than 35 W/m 2 -floor-area and there is a cooling load in the room.
In Chicago (Fig. 16A) , the greatest net energy savings for all orientations and all window-to-wall ratios are obtained with window F (highly-insulating window) with no interior shade (with daylighting controls). HVAC energy savings of the highly-insulating window F without interior shade are significant while the lighting energy is similar to a window with TC 14-20, both with daylighting control. When an interior shade is used, window E leads to higher energy usage than TC14-20 in lighting energy and HVAC energy.
In the case of window E without interior shade, lighting energy is only slightly less than the thermochromic window and HVAC energy is significantly greater.
If indoor roller shades are used to control glare manually, then window F still performs better than the thermochromic window for larger window areas, but for small windows the reduction of usable daylight through the shade outweighs the benefits of the better insulating value. If the interior shade is only lowered during hours with actual glare conditions and raised when there is no more glare discomfort, the negative impact of the reduced daylight availability is little compared to the case without shade at all. There is no benefit of additional solar control for either window E or window F: solar control conditions are less frequent than glare conditions, and high window heat gains often coincide with glare. In Houston (Fig. 16B) , if no shade is used, window E performs better than the thermochromic for small and medium sized transparent areas, but the thermochromic window requires less energy for highly glazed areas.
If an interior shade is used to reduce the significant number of hours during which glare occurs in case of window E (see Table 8 ), the thermochromic window shows a lower energy use intensity. A positive balance for window E can only be achieved for large window-to-wall ratios and if the use of shade is limited to the hours with glare and high window heat gains.
Window F performs better than the thermochromic window in Houston. The relatively low number of hours during which occupants would experience glare reduces the impact of the roller shade on daylight availability. Although the net energy balance is still positive in the realistic scenario of manual control where shades are left lowered after the first occurrence of a glare condition, one can see the benefit of a more refined control when comparing the manual operation with the ideal, automated shade control. 
Discussion
The hypothetical NIR-switching thermochromic window tinted primarily in response to outdoor air temperature and incident solar radiation. The nominal "critical switching temperature range" is defined as the glass temperature(s) at which tinting occurs. This nominal range correlates to outdoor air temperatures that are significantly lower than the nominal range if the glass is irradiated. For example, in Chicago, the thermochromic window with a nominal range of 14-20°C switched to a tinted state when outdoor air temperatures were between 0-5°C and incident irradiation was between 400-600 W/m 2 . On cold winter sunny days, thermochromic windows exposed to sunlight will tint.
Logically, the thermochromic window with the lowest critical switching temperature range switches most frequently; e.g., if the switching range is 14-20°C, then partial to full tinting occurs for 43% of the year in Chicago, if frequency is averaged over the four cardinal orientations. When the thermochromic window switches and if the window can modulate transmission in the near-infrared, then the thermochromic window will produce significant reductions in window heat gain but produce no effect on window heat loss. Heat gain is reduced through absorption or reflection of solar infrared radiation and reduction of radiative heat transfer to the indoors with a low-emittance coating.
Depending on the level of internal gains within the building, this reduction in window heat gains may or may not produce a reduction in perimeter zone cooling or heating loads. For an internal load dominated commercial office building, internal heat gains from lights, occupants, and equipment cause the net heat balance in perimeter zones to be in a cooling mode for most of the time, even during the winter. For this building type, reductions in heat gains during the winter resulted in lower total annual cooling loads. Annual heating loads were not significantly affected.
The resultant impact on HVAC energy use is dependent on how the HVAC system is designed and operated. Annual cooling energy use was reduced in proportion to reductions in perimeter zone loadsthe thermochromic with the lowest critical switching temperature range resulted in the lowest cooling energy in both the mixed hot/cold climate of Chicago and in the hot humid climate of Houston. Cooling energy reductions were greatest on the south, east, and west facing orientations and least on the north. Reductions in HVAC energy use were greatest for large-area windows. Gas consumption for heating and reheat followed the same trends, despite no change in perimeter zone heating loads between the thermochromics with different switching temperature ranges. The reductions were due to sizing of the HVAC system and to the fact that reheat coil energy is needed during the cooling mode because of minimum outdoor fresh air requirements.
When daylighting controls were considered, the balance between HVAC and lighting energy use was achieved with the near-IR switching thermochromic because the visible transmittance of the window was still maintained at a moderately high level when tinting occurred (Tvis = 0.53-0.27). Even though the frequency of tinting was high, the thermochromic with the lowest critical switching temperature range (TC [14] [15] [16] [17] [18] [19] [20] . Compared to a highlyinsulating window (double pane with a suspended film) with and without an indoor shade (windows F1 and F2) the thermochromic window did not do as well, particularly in Chicago for moderate-to large-area windows. Performance of thermochromic window could be improved to that of window F1 or better if the thermochromic glazing layer replaced the conventional outboard layer of window F1.
Discomfort glare was assessed for the thermochromic window, window E and window F. The number of hours during which glare occurs is highest for window E, significantly lower for window F and lowest for the thermochromic window in its tinted state. Based on the assumption that discomfort glare from the thermochromic window is low enough to not require an interior shade, its energy use was compared to those of window E and window F with and without shade. Different scenarios for shade control were assessed where an ideal (automated) shade showed significant energy savings compared to the realistic scenario of manual controlled shades.
In the development of new thermochromic materials for window applications, aesthetics will play an important role in end user adoption of the technology. It will be important to develop materials with a color neutral appearance to the extent possible given the NIR spectral selectivity of the optimum device.
An assumption of a 6°C switching range was assumed in this analysis also for aesthetic reasons. Devices with a very narrow switching temperature range could appear mottled in color (regions of tinted and untinted glass across the same window pane) when non-uniformly irradiated; this appearance is unlikely to be acceptable in the market. The desire for a high visible transmittance is driven not only by the desire for lighting energy use savings but also greater indoor environmental quality. End users prefer bright daylit spaces and find spaces with tinted windows gloomy and depressing, particularly during the winter. With the broad adoption of spectrally-selective low-e windows with high luminous efficacy, end users have come to expect bright indoor spaces compared to the dark indoor environments from the 1980s where windows were typically bronze tinted glass.
Conclusions
Current thermochromic window technologies produce very little modulation in near infrared solar transmission, have a high critical switching temperature or temperature range, and low visible transmission range. The result is that these windows perform moderately well to control window heat gains but have a negative impact on lighting energy use and daylight quality in commercial buildings. These shortcomings could be addressed by coupling thermochromic windows with daylighting apertures in a heterogeneous façade design or by modifying the properties of the thermochromic device itself.
In order to understand the energy savings benefits of improved thermochromic devices, a hypothetical thermochromic glazing was defined with variable solar transmission in the near-infrared portion of the solar spectrum: Tsol=0.10-0.50, Tvis=0.30-0.60. The glazing layer was coupled with a low-e glazing layer (e=0.04) so that the center-of-glass window assembly had a solar heat gain coefficient range of 0.12-0.47, a visible transmittance range of 0.27-0.53, U-value of 1.45 W/m 2 -°K and a luminous efficacy range of (Tvis/SHGC) of 1.13-2.25. The thermochromic was modeled with four different ranges of critical switching temperatures to determine its effect on energy use for the building type and climate. EnergyPlus simulations were conducted on a prototypical large office building that was compliant with ASHRAE 90.1-2010 energy efficiency standards.
A detailed analysis was conducted quantifying how the thermochromic windows affected solar heat gains, perimeter zone loads, then heating, cooling, and lighting energy use in different climates and for different window sizes and orientations. Performance was compared between thermochromics with different switching temperature ranges and static, near-infrared selective, low-emittance windows.
Use of the defined near-IR thermochromic window with the lowest critical switching temperature range (14-20°C) resulted in 3.1-12.5% less annual energy use in large commercial office building perimeter zones in both Chicago (hot/ cold climate) and Houston (hot climate) compared to commercially available, near-IR selective low-e windows (Tvis=0.64, SHGC=0.30, U-value=1.35, Ke=2.13). The thermochromic window delivered the most benefit -13.7-16.7% energy savingsin the south, east, and west facing perimeter zones with large-area windows in hot climates.
The critical switching temperature, Tsol, and Tvis guidance provided by Li, Niklasson, and Granqvist [10] to the material scientist community is appropriate for commercial office buildings with high internal loads. The hypothetical thermochromic window meeting these specifications (TC 14-20) yielded significant annual HVAC and lighting perimeter zone energy savings over conventional spectrally-selective, low-e windows, particularly for facades with large-area windows with significant solar exposure in hot climates. Significant research will need to be carried out in order to achieve the characteristics proposed in this work. If the hypothetical thermochromic window can be offered at costs that are competitive to conventional lowe windows and meet aesthetic requirements defined by the building industry and end users, then the technology is likely to be a viable energy-efficiency option for internal load dominated commercial buildings.
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